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■INTRODUCTION
The amygdala plays a key role in emotional
processing3). In addition, the direct involvement of the
amygdala in emotional learning has been suggested4, 5).
We used the fear-conditioned startle paradigm in this
study. This test measures conditioned fear based on an
increase in the amplitude of an acoustic startle reflex
in the presence of a cue previously paired with a
shock. Amygdala lesions critically disrupt the develop-
ment and expression of conditioned fear in rodents6).
Recent studies also highlighted that the amygdala is
involved in the modulation of hippocampal functions,
since amygdala lesions were found to impair uncondi-
tioned fear-related behaviors7, 8). However, the direct in-
fluence of the amygdala has not been reported for hip-
pocampus-dependent spatial learning. A low-intensity
Involvement of amygdala in learning and
memory impairment due to permanent bilateral
carotid artery occlusion in rats




Permanent bilateral carotid artery occlusion (BCAO/2VO) in rats is a model of chronic cerebral
hypo perfusion leading to cognitive impairment and Alzheimer’s disease1, 2). Experimental
evidence demonstrated the initiating role of chronic cerebral hypo perfusion in neuropathological
changes to the hippocampus, cerebral cortex, and white matter (WM) areas. Furthermore, damage
to the visual system and metabolic changes have been reported. Regarding behavior, spatial
learning was examined with the water maze method, and a learning deficit was reported with
hippocampus damage. Recent studies highlighted that the amygdala’s involvement in the
modulation of hippocampal functions, since the amygdala plays a critical role in the acquisition
and consolidation of fear-related memories. However, no report has referred to the contribution of
the amygdala to cognitive disturbance in this brain ischemic model. The purpose of this study
was to investigate the influence of cerebral hypo perfusion on the amygdala function in rats. We
evaluated performance in the Morris water maze, the fear-conditioned startle (FCS), and the
prepulse inhibition (PPI) for each purpose. As a result, we identified the disturbance in the FCS
and MWM, which suggested the contribution of the amygdala as well as hippocampus to learning-
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acoustic pulse (3-12 dB above background) presented
before a startle pulse can reduce the startle response.
This effect is termed prepulse inhibition (PPI). The dis-
turbance of PPI is well known in patients suffering
from schizophrenia. Lately, PPI disruption was also re-
ported in the progression of Alzheimer’s disease. We
applied this method for detecting the onset of Al-
zheimer’s disease. Furthermore, we conducted Morris
water maze experiments to confirm hippocampal func-
tions and the surgical integrity of 2VO.
■METHODS
2VO surgery
A total of 36 adult male Wistar rats (body weight:
300-350 g) were used in this study. Half of them (18
animals) were used for water maze tests with 12
subjected to 2VO ligation (VO2 group) and 6 to sham
operation (controls). The remaining half were divided
and treated similarly and used for startle reflex experi-
ments.
The animals were housed in a climate controlled
environment (22℃) with a 12-h light/dark cycle. The
rats were anesthetized with pentobarbital-Na (0.06 mg
/g) and underwent surgery as follows. In the 2VO
groups, the bilateral common carotid arteries were ex-
posed and ligated proximally and distally, respectively.
As sham-operated controls, the rats underwent the
same surgery without ligation. Experiments were ap-
proved by our institutional committee for experimental
animal ethics. The study was designed to minimize the
number of animals required, and all efforts were made
to minimize suffering.
Morris water maze task
The learning procedure was performed using a clas-
sic hidden platform water maze task9). Animals under-
went training trials in which they had to find a sub-
merged platform (diameter : 5 cm ; depth : 1 cm) in a
fixed place and thus escape from a circular tank (di-
ameter : 130 cm ; height : 30 cm) filled with water to a
depth of 20 cm. The water temperature was main-
tained at 22℃. The color and pattern of the inner sides
of the tank were fixed to give rats additional spatial
reference markers. The starting point for the rats was
always in the centre of the tank, but the initial orienta-
tion of the head was randomly distributed. If the rat
did not escape within 60 s, it was manually guided to
the platform. This procedure was repeated over four
consecutive days. The behavioral tests were always
conducted between 13:00 and 15:00 in the afternoon.
The escape latency was recorded for each trial, indi-
cating the time taken to reach the platform and re-
main there for more than 5s. Animal behaviors were
monitored in all tests using a computerized video
tracking system (Ethovision, Noldus Co., Ltd., The
Netherlands).
Fear-conditioned startle (FCS ) and PPI
The apparatus to measure the acoustic startle re-
sponse was comprised of a soundproof startle chamber
(Model SR-LAB, San Diego Instruments, CA, USA)
containing a transparent acrylic tube (diameter : 8.2
cm ; length : 20 cm) mounted on an acrylic frame.
Acoustic pulses and prepulses were presented through
a speaker attached to the ceiling of the chamber,
located 24 cm above the tube. A piezoelectric acceler-
ometer mounted below the frame detected and trans-
duced movement within the tube. The rat was placed
inside the tube. During a 5 min acclimation period, the
rat was exposed to background noise of 65 dB, which
continued throughout the session. They were then ex-
posed to three 25 ms startle pulses of 110 dB white
Fig. 1 Schematic protocols for fear-conditioned startle
(FCS) and prepulse inhibition (PPI). (A). In the
training session, CS (lighting) and US (electric
shock) was presented. In the testing session, CS
and acoustic startle were presented instead of US.
(B). In this scheme, we showed prepulse intensity,
loading time, and time interval. Three prepulse
intensities were presented randomly.
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noise to determine the initial level of the acoustic star-
tle response followed by an initial training session in
which a cue, such as a light, was paired with an elec-
tric shock to the feet (0.5 s, 0.6 mA), and then a later
test session in which startle was elicited in the pres-
ence or absence of the cue (Fig. 1A).
To measure the PPI, subjects randomly received
three different prepulse-pulse trials and startle pulse-
alone trials 10 times each, giving a total of 40 trials.
The prepulses were 25 ms weak stimuli of white noise
with intensities of 6, 8, or 12 dB, above the background
noise. Inter-trial intervals were 20 s (Fig. 1B).
Statistical analysis Data were prospectively col-
lected and analyzed using Statview 5 software (SAS
Institute, Berkley, CA, USA). Data were analyzed us-
ing the Mann-Whitney U-test (non-matched data). For
all tests, a p-value<0.05 was considered to indicate sig-
nificance.
■RESULTS
The Morris water maze test was used to assess spa-
tial memory retrieval. The 2VO model showed im-
paired spatial learning as revealed by the significantly
prolonged escape latency compared to the sham-oper-
ated rats (Table 1). In this experiment, the difference
was significant at 2 weeks after two-vessel occlusion.
Fear-potentiated startle measures the increase in the
startle reflex elicited by a sudden noise in the pres-
ence of a cue that has previously been paired with an
electric shock to the feet. The normal fear conditioned
startle pattern shows a high amplitude in CS-US pairs
compared to acoustic startle only reflecting the
amygdala’s association with memory (Fig. 2A). The dif-
ference was also induced 2 weeks after 2VO, but this
experiment was conducted separately to exclude the
interference of the water maze test.
The prepulse inhibition of the acoustic startle
reaction (ASR) was used to detect sensorimotor gating
deficit. In the prepulse inhibition (PPI) study, PPI was
characterized as the percentage of ASR inhibition in-
duced by each prepulse intensity, and was calculated
as [100x (startle amplitude in the startle alone trial-
startle amplitude in the prepulse trial) /startle ampli-
tude in the startle alone trial]. Our results indicate that
the interruption of prepulse inhibition in rats is not in-
duced at 2 weeks (Fig. 2B) or even 4 weeks (data not
shown) after 2VO surgery.
■DISCUSSION
2VO and stroke
Disorders of the cerebral circulation cause numerous
neurological and psychiatric illnesses. A sudden disrup-
tion of the blood supply to certain brain regions leads
to stroke, while a moderate but persistent reduction in
regional cerebral blood flow (CBF) compromises mem-
ory and contributes to the onset and progression of de-
mentia.
The stroke is marked, and, with reperfusion disor-
der, the ischemic core and penumbra are clear. As op-
posed to stroke research, 2VO studies aim to investi-
gate the long-term effects of chronic cerebral hypoper-
fusion. The association of decreased CBF with
Alzheimer’s disease (AD) has been firmly established1).
For the reproduction of chronic cerebral hypoperfusion
as it occurs in human aging and AD, 2VO rats have
been introduced. In 2VO rats, the vessel occlusion is
permanent and reperfusion injury does not occur, cere-
bral hypoperfusion is global, and, thus, a distinct
ischemic core and penumbra region cannot be outlined,
Because the damage to the nervous tissue is less
marked in 2VO, there are no clear signs of motor dys-
function or seizures.
Learning-memory and stress
It has been suggested that 2VO causes neuronal
dysfunction which can be exacerbated by stress and
Table 1 The time to find the platform in the Morris
water maze experiment.
The time was significantly longer in 2VO rats．
（＊Mann－Whitney p＜０．０５）




Fig. 2 Results of fear-conditioned startle (A) and prepulse
inhibition (B). Normal CS+US was significant in A, but
PPI showed no difference between normal and 2VO in B.
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thereby manifested on aversion tasks such as the
water maze test. CA1 neurons begin to degenerate af-
ter several weeks of the reduced energy availability
caused by 2VO, and this impairs memory10). With re-
gard to the relationships between learning, memory,
and the stress level in rodents, some effects have been
clearly identified and documented.
This is the case of severe and prolonged stress that
impairs learning and spatial memory11, 12). Further-
more, recent studies showed that the basolateral nu-
cleus of the amygdala is activated during associative
learning such as fear conditioning and enhances activ-
ity in the amygdala-hippocampal pathways13). The Mor-
ris water maze test could enhance glucocorticoid re-
lease by acting as a stressor itself14-16). Thus, the
amygdala lesions could have an effect. Therefore, we
performed two (water maze and others) experiments
separately to avoid interference with each other.
Water maze
The favored brain region to study 2VO-induced
neurodegeneration is the hippocampus. The hippocam-
pus is one of the brain regions most sensitive to ische-
mia. Furthermore, the hippocampus has been strongly
implicated in spatial learning and memory, as assessed
by the Morris water maze.
The hidden maze is a test of spatial navigation that
uses distant visual clues as reference points. The test
animal must find a submerged platform using distant
visual cues. In addition to visual acuity, the perform-
ance relies on an intact dorsal hippocampus. So, an im-
paired Morris water maze performance revealed hip-
pocampal deficits.
Fear−conditioned startle
It is widely accepted that the amygdala plays a criti-
cal role in the acquisition and consolidation of fear-re-
lated memories. Some of the more widely employed
behavioral paradigms that have assisted in clarifying
the amygdala’s role in fear-related memories are asso-
ciative learning paradigms. With most associative
learning tasks, a neutral-conditioned stimulus (CS),
such as a light, is paired with a salient unconditioned
stimulus (US) that elicits an unconditioned response.
After multiple CS-US pairings, the subject learns that
the CS predicts the onset or delivery of the US, and,
thus, elicits a learned conditioned response.
Fear-conditioned startle is selectively decreased by
drugs such as diazepam that reduce fear or anxiety
clinically17).
Prepulse inhibition
Prepulse inhibition (PPI) is the attenuation of a star-
tle response by a preceding non-startling sensory
stimulus18). PPI was originally developed in human neu-
ropsychiatric research as an operational measure for
sensory gating19). PPI deficits may represent the inter-
face of psychosis as they have been suggested to pre-
dict cognitive impairment20, 21). PPI is disrupted in pa-
tients suffering from schizophrenia22). Sensorimotor gat-
ing deficit has been identified in neuropsychiatric dis-
eases23). Alzheimer’s disease is a neurodegenerative dis-
order associated with cognitive deterioration and neu-
ropsychiatric symptoms.
In this experiment, we didn’t find the disorder of
PPI. However, we may need to observe several more
months to confirm this phenomenon.
■CONCLUSION
The effects of hyppocampal lesions on deficits of spa-
tial cognition have been extensively studied in the
chronic cerebral hypoperfusion model. In this study,
however, we showed that the amygdala’s function was
not intact. The amygdala itself projects to several hip-
pocampal regions, including the CA1 area24) and can
therefore modulate hippocampal functions such as
learning25, 26). Activation of the basolateral amygdala
was found to modulate plasticity in other brain areas,
including the hippocampus27). The amygdala may be a
critical component of hippocampus-associate learning.
We need to recognize the importance of examining
brain regions other than the hippocampus in associa-
tion with global ischemia.
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